Three sterol-requiring mollicutes from floral surfaces of two tropical plant species (Melaleuca quinquenewia and Melaleuca decura) and a single isolate from a flower of the silk oak (Grevillea rubusta) were serologically indistinguishable. Strain MIT (T = type strain), isolated from Melaleuca quinquenewia, was chosen for characterization. Light and electron microscopic observations of strain MIT revealed nonhelical, nonmotile, pleomorphic coccoid cells surrounded by a single cytoplasmic membrane. No evidence of a cell wall was observed. The organism grew well in SP-4 medium, but no sustained growth occurred in conventional mycoplasma media containing horse serum. The optimum temperature for growth was 23"C, but multiplication occurred over a temperature range of 10 to 30°C. Growth was not observed at temperatures above 30°C. Strain MIT and related strains (strains M5, M10, and S o l ) catabolized glucose but hydrolyzed neither arginine nor urea. The size of the strain MIT genome was about 561 megadaltons, while the guanine-plus-cytosine content of the DNA was about 27.0 mol%. The organism was serologically unrelated to the type strains of the 80 previously recognized Mycupiasma species or to 18 other unclassified sterol-requiring strains cultivated from animal, plant, or insect sources. Recent sequencing studies of 16s rRNA demonstrated that strain MIT is a member of a clade that contains the type species of the genus Mycoplasma. Strain M1 (= ATCC 49191) is the type strain of Mycuplasma melaleucae sp. nov.
The existence of mollicutes in insect-plant surface cycles was first established by Clark in 1978 , as a result of his discovery of the honey bee spiroplasma (Spiroplasma melliferum) and attempts to understand how bees acquire infection (6-8). Flower and plant surfaces were found by Clark to be important spiroplasma reservoirs. Shortly thereafter, nonhelical mollicutes were reported to have been cultivated from floral surfaces (lo), but the organisms were never characterized, nor was their taxonomic status examined.
The first steps toward characterization of nonhelical mollicutes from flower habitats were made in 1979, when organisms with apparent attributes of Acholeplasma and Mycoplasma species were isolated from vegetative and floral plant surfaces (11, 19) . Some of these isolates proved to be serologically related to previously established Acholeplasma species, such as Acholeplasma axanthum and Acholeplasma oculi, while others represented new species (e.g., Acholeplasma florum) (18) . In addition to acholeplasmas, a number of other nonhelical isolates failed to grow in media without sterols and were therefore considered to be putative members of the genus Mycoplasma (19, 30) . As suggestive as these results may have been, a number of observations on other plant-insect mollicutes being examined at the time suggested some caution in assigning these newly isolated strains to the genus Mycoplasma. For example, under certain conditions several spiroplasmas become nonhelical during some or all stages of their growth cycles, particularly in unsuitable medium formulations (34). This raised the possibility that some nonhelical, sterol-requiring organisms could be spiroplasmas in disguise. Even more serious, however, was the discovery that several acholeplasmas (e.g., A. axanthum, A. florum, and Acholeplasma entomophilum) require highly specific mixtures of fatty acids for sustained growth in serum-free (or cholesterol-free) mycoplasma media (11, 18, (25) (26) (27) (28) . Since growth of these mollicutes did not occur in conventional serum-free medium but was readily demonstrated upon addition of serum or cholesterol, it would, of course, be especially easy to confuse such a strain with a true Mycoplasma species.
Gradually, development of more extensive characterization techniques occurred. These included refined tests that defined growth requirements for both sterols and fatty acids (20, 25) and procedures that established molecular genetic features (such as genome size) for these organisms. With the availability of these key indicators for taxonomic decisions, a number of the mollicutes isolated previously from plant or insect sources can now be described with more certainty (see the review in reference 27). In addition, phylogenetic data are now available on several of these organisms (31) , and this information can also support or assist in the taxonomic placement of candidate strains. Accordingly, we recently described Mycoplasma ellychniae as the first insect-derived species in the genus (29) . In accompanying papers proposals are made to assign four additional sterol-requiring mollicutes to the genus Mycoplasma, including three distinct strains isolated from firefly beetles (33) and a single plant surface isolate (22).
We report here the definitive characterization of another mollicute whose phylogenetic position has, similarly, been placed close to that of Mycoplasma mycoides. This cluster, consisting of strain MIT (T = type strain) and three related strains from south Florida, is of historical interest since the strain characterized (strain MIT) is probably the first helical, sterol-requiring organism that was isolated from a plant surface habitat in the pioneer studies described above (19). We believe that the taxonomic placement of this cluster, held in abeyance by the problems described above, has now been resolved. We present data that support assignment of this species to the genus Mycoplasma and discuss the phylogenetic significance of the occurrence of true Mycoplasma species in insect-plant habitats. 33, 1984) have been given previously. Strains M5 and M10 were isolated from flower surfaces of Melaleuca decora, while strain SO1 came from a flower of the silk oak (Grevillea robusta). All four strains in this collection were cultivated from plants in south Florida.
MATERIALS AND METHODS

Mycoplasma
Culture medium and cultivation techniques. Detailed procedures for the isolation of mollicutes from plant surfaces have been described previously (2, 17, 19) . Briefly, flowers were cut from plants in the field and placed in plastic bags without touching by hand. In the laboratory the flowers were briefly rinsed with either SP-4 medium (32) or a medium prepared from mycoplasma broth base (Difco Laboratories, Detroit, Mich.) supplemented with 2% yeast extract, phenol red, and sufficient sucrose to bring the osmolarity of the medium to 350 mosmol (19). The rinse medium was immediately decanted and passed through a sterile filter (pore diameter, 450 nm); portions of the filtrate were then distributed into tubes containing 2 ml of culture medium, and the preparations were incubated at 27 to 30°C. Cultures were monitored for mollicute growth by phase-contrast or darkfield microscopy at a magnification of X 1,250. After three to five early broth passages the organisms were purified by filtration-cloning techniques (19, 24) .
One of the triply cloned strains in this study (strain MIT) was selected for subsequent characterization work. Other media used in these studies included a conventional Edward formulation of 20% horse serum mycoplasma broth (12), a modified Edward medium in which 20% fetal bovine serum was substituted for horse serum, a serum fraction broth containing 1% bovine serum fraction (26) , and serum-free media supplemented with various concentrations of a fatty acid mixture (polyoxyethylene sorbitan monooleate; Tween 80; Sigma Chemical Co., St. Louis, Mo.) (25, 26) . Solid formulations of these media contained 0.8% Noble agar (Difco). Agar cultures were incubated at 30°C either aerobically, aerobically with 5% carbon dioxide (GasPak system; BBL Microbiology Systems, Cockeysville, Md.), or in an anaerobic environment (GasPak hydrogen system).
Temperature requirements for strain MIT were determined by preparing a series of 10-fold dilutions of the organism in SP-4 broth. One series of the diluted mycoplasma suspension was incubated at each of six different temperatures (10, 18, 25, 30, 32 , and 37°C) for 3 weeks. The relative numbers of organisms present at the end of incubation were estimated by recording the highest dilution of each broth culture that exhibited a color change (red to yellow) of the phenol red indicator in the culture medium or turbidity (measured as color-changing units per milliliter) or both. Prior to cloning, strain MIT was also grown for five consecutive passages on SP-4 medium devoid of penicillin or other antibiotics. At each subculture, the broth suspension was plated onto conventional blood agar, and the preparation was incubated aerobically at 30°C. After 2 to 10 days, the plates were examined for bacterial colonies, which, if present, would have suggested reversion of an L-phase variant to its original bacterial growth form.
Morphological studies. Logarithmic-phase broth cultures of strains MIT, M5, M10, and SO1 grown at 30°C in SP-4 medium were examined at a magnification of X1,250 by dark-field microscopy and, in a previous study (19), by electron microscopy.
Sterol requirement. The response of strain MIT to cholesterol was assessed by using a standard broth culture method (20) , except that the cultures were incubated at the optimum growth temperature for the organism (23°C) and protein assays were performed with a Bio-Rad kit, using bovine serum albumin as the standard (Bio-Rad Laboratories, Richmond, Calif.).
Tests for biological and biochemical properties. The procedures used to assess carbohydrate fermentation (l), arginine and urea hydrolysis (l), filtration characteristics (24), hemadsorption of guinea pig erythrocytes (14), and the film and spot reaction (13) have been described previously, Serological tests. Antiserum directed against strain MIT was produced in rabbits (23) . Hyperimmune antisera specific for all 80 previously described Mycoplasma species and for 18 other unclassified sterol-requiring mollicutes (see list in reference 29) were obtained from the reference collection of the Mycoplasma Section of the National Institute of Allergy and Infectious Diseases in Frederick, Md. These antisera and strain MIT were reacted in a standard disk growth inhibition test (9) on SP-4 agar with aerobic incubation at 23°C. In addition, direct plate immunofluorescent tests (15) were performed on colonies of strain MIT on SP-4 agar by using fluorescein-conjugated antisera to the 98 Mycoplasma species or putative species referred to above. Finally, our serological analyses also included disk growth inhibition tests with strain MIT and antisera to the 11 recognized Acholeplasma species (see reference 28 for a list of the species tested).
Genomic analysis. Procedures for extraction and purification of chromosomal DNA from mollicutes have been described previously (4). Genome sizes were determined by renaturation kinetics of strain MIT DNA, as described previously (3). The guanine-plus-cytosine content of purified DNA of strain MIT was determined by using buoyant density procedures (5). Purified DNA from Spiroplasma citri (genome size, 1,000 megadaltons; base composition, 26 mol% guanine plus cytosine) was used as a reference.
RESULTS AND DISCUSSION
Cultural and morphological properties. Strain MIT grew well only in SP-4 broth or modified Edward medium containing 20% fetal bovine serum, with cultures usually reaching the peak logarithmic phase of growth (more than lo9 color-changing units per ml) in 24 h at 23°C. Sustained growth was not apparent in media containing horse serum or bovine serum fraction or in serum-free media containing Tween 80 fatty acid supplements. Similar observations were also made at the time that strain MIT was isolated initially (19). Thus, the growth requirements of strain MIT have been consistent over a period of almost 10 years of passage on artificial media. The remaining three strains in the group shared similar growth characteristics, growing best in SP-4 medium or modified Edward medium containing fetal bovine serum. Growth of all four strains occurred over a temperature range of 10 to 30"C, with optimum growth observed at about 23°C. We could not demonstrate that strain MIT (high passage line) was capable of growing at 37"C, despite prolonged incubation (3 weeks) and repeated blind passages of SP-4 broth cultures. These observations confirm previous experiences during the early passage history of the strain (19).
The growth responses on solid media were similar to those observed in broth, with agar colonies developing only on SP-4 or fetal bovine serum formulations after 2 to 3 days of incubation at 23 to 30°C. Colonies of strain MIT on SP-4 agar (Fig. l) , as well as colonies of the other three strains in the cluster, usually exhibited a fried-egg morphology when optimum atmospheric conditions were employed. Solid medium growth was best when plates were incubated anaerobically (GasPak system under hydrogen), although very small, centerless colonies were occasionally seen on SP-4 agar plates incubated aerobically (or in 5% carbon dioxide) for 2 to 3 days at 23 to 30°C.
When logarithmic-phase SP-4 medium cultures of the three strains were examined by dark-field microscopy, the cells were primarily nonmotile, pleomorphic, and coccoidal.
Very few short, branched or unbranched filaments were observed, and no helical forms were ever seen. In previous studies (19), cells of the organism sedimented from broth cultures and examined by electron microscopy were essentially coccoidal, although somewhat pleomorphic. Coccoidal forms averaged about 250 to 300 nm in diameter. Individual cells were surrounded by a single cytoplasmic membrane with no evidence of cell walls.
Sterol requirement. The response of strain MIT to cholesterol supplements in the serum-free modified Edward formulation is shown in Table 1 . Control flasks containing Edward base medium and 20% fetal bovine serum gave very large growth yields, while unsupplemented base broth or base formulations containing fatty acid supplements did not support sufficient growth to be measured in the test. Additions of 5 to 20 pg of cholesterol per ml significantly enhanced growth yields, indicating a requirement for cholesterol.
Biochemical and biological properties. All strains fermented glucose with the production of acid and concomitant acidification of the medium. All strains fermented fructose, but were negative for sucrose and lactose fermentation, and most strains were also unable to ferment trehalose or mannose (McCoy et al., Proc. 5th Congr. Int. Org. Mycoplasmol., 1984) . No evidence of arginine or urea hydrolysis was observed. Strain MIT was negative in the film and spot reaction, and colonies of the organism on solid medium did not hemadsorb guinea pig erythrocytes. Passage of a strain MIT broth culture through a 450-nm membrane filter reduced the number of viable cells about 10-fold (1.73 x 10' cells per ml in unfiltered broth compared with 2.4 x lo7 cells per ml in the filtrate). Filtration through a 300-nm filter reduced the viable cell count to 8.6 x lo4 cells per ml, and a cell count of 4 0 0 cells per ml was obtained from filtrates from 220-nm filters. Serological tests. Growth inhibition and plate immunofluorescent tests, which were performed with antisera or conjugates prepared to the mycoplasmas and acholeplasmas listed previously (29) , demonstrated that strain MIT was not related serologically to previously established species in the two genera or to 18 unclassified, nonhelical, sterol-requiring mollicutes. Antiserum to strain MIT exhibited significant growth inhibition (3.5 to 15+ mm) when it was tested against the other three strains in this cluster, indicating a close serological relationship between strain MIT and strains M5, M10, and S o l .
Genome size and DNA base composition. Renaturation kinetics on the DNA of strain MIT indicated that the genome size of this organism was 576 megadaltons (range, 504 to 669 megadaltons). The value for the base composition (guanineplus-cytosine content) of the DNA of strain MIT was 27.0 -I 1 mol%, as measured by the buoyant density method.
Habitat. As noted above, all four strains in this group of sterol-requiring mollicutes were isolated directly from the floral surfaces of three subtropical plant species, Melaleuca quinquenervia, Melaleuca decora, and Grevillea robusta. In a later survey of mollicutes inhabiting melaleuca flowers (17), a fifth representative of this cluster of strains was isolated from an anthophorine bee (Xylocopa micans). More than 100 insects were collected from melaleuca flowers in this survey, and strain MIT-related strains were not found in the honey bees or in the various wasps or flies examined.
In addition to these five isolates and Mycoplasma ellychniae, the first sterol-requiring mollicute of insect-plant origin to be assigned recently to the genus Mycoplasma (29) , at least four other nonhelical, sterol-requiring mollicutes have been isolated from insect or plant sources (22, 27, 33) . It is likely that colonizations of nearly all plant surfaces by mollicutes are the result of arthropod visitation and that any apparent plant host specificity in the natural maintenance of organisms such as strain MIT and its allies is determined by the life history of arthropod hosts. Unfortunately, only limited attempts have been made to survey likely insect hosts that might visit the flower surfaces from which the isolations described here were made.
Phylogeny of strain MIT. Until recently, the generic placement of nonhelical sterol-requiring organisms was extremely problematical. This situation has now been considerably alleviated by recent extensive phylogenetic analyses of Mycoplasma species (31) . These studies, while confirming some early information on a limited number of Mycoplasma representatives (21, 3 9 , have indicated that the genus probably contains at least three distinct clades, represented by Mycoplasma hominis, Mycoplasma pneumoniae, and Mycoplasma mycoides. Strain MIT falls phylogenetically into a subcluster within the spiroplasma-Mycoplasma mycoides lineage. Strain MIT is also specifically related to four other insect-derived mollicutes (Mycoplasma ellychniae, Mycoplasma lactucae, A. entomophilum, and A . florum). The extensive sequence similarity of strain MIT and the two Acholeplasma species suggests recent divergence of strain MIT and the newly described acholeplasmas from the spiroplasma-Mycoplasma mycoides cluster through a series of changes involving gain or loss of sterol dependence and genome reduction. The host specificity exhibited by the four phylogenetically related insect-plant mollicutes also suggests that the insect-plant association is an ancient characteristic of the spiroplasma-Mycoplasma mycoides cluster of mycoplasmas. Whatever the ultimate taxonomic resolution of the complex taxonomic questions raised by the phylogenetic data, it is clear that strain MIT can be assigned unambiguously to the genus Mycoplasma.
The properties described here for strain MIT and its three companion strains fulfill the criteria (16) for species of the class Mollicutes, including absence of a cell wall, filterability, production of typical fried-egg colonies on agar, failure to revert to walled bacteria when the organisms are grown in antibiotic-free media, and absolute resistance to penicillin. The growth requirement for sterol or serum and the lack of helicity mandate placement of strain MIT and its allies in the family Mycoplasmataceae. The inability of these strains to hydrolyze urea mandates assignment to the genus Mycoplasma. Finally, serological comparisons of strain MIT with previously described Mycoplasma species and with other unclassified strains that may represent putative Mycoplasma species have demonstrated the uniqueness of this strain. Therefore, we propose the name Mycoplasma melaleucae for strain MIT and its closely related allies. A summary of the properties of this new species is given below.
Mycoplasma melaleucae sp. nov. Mycoplasma melaleucae (mel.a'leu.cae. N. L. n. Melaleuca, a genus of tropical trees having white flowers with sweet fragrance; N. L. fem. n. melaleucae, of Melaleuca, the plant from which strain MIT was first isolated). Cells are nonhelical, pleomorphic, and coccoidal or subcoccoidal, with few filamentous forms, and lack a true cell wall. Coccoidal forms average 250 to 300 nm in diameter. Nonmotile. Colonies on agar medium under optimum atmospheric conditions display a fried egg appearance.
Chemoorganotroph. Acid is produced from glucose and fructose. Negative for sucrose, lactose, trehalose, and mannose. Does not hydrolyze arginine or urea.
Film and spot reaction negative. Does not hemadsorb guinea pig erythrocytes.
Cholesterol or serum is required for growth. The temperature range for growth is 10 to 32°C; optimum Serologically distinct from other Mycoplasma species.
growth occurs at 23 to 30°C.
Isolated from the flower surface of a tropical plant, Melaleuca quinquenervia, in south Florida. Related strains have been isolated from flowers of Melaleuca decora and Grevillea robusta (silk oak) and from an anthophorine bee ( X . micans).
Average genome size, 576 megadaltons. The base composition (guanine-plus-cytosine content) of the DNA is 27.0 ? 1 mol% (buoyant density method).
The type strain is strain M1 (= ATCC 49191).
